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ABSTRACT
There are only a handful of free-flowing rivers left on our planet. The unique biodiversity in these model systems offers a key to 
understanding the structures of naturally assembled fluvial metacommunities. Here, we use the benthic invertebrate fauna of the 
Vjosa River as a model system to infer metacommunity processes from biodiversity patterns at river network scale. To this end, 
we used data from standard, morphology-based and metabarcoding approaches to describe community composition at 36 sites in 
spring and autumn. Classical ordination as well as joint species distribution modeling indicate that community composition in 
headwaters is mostly defined by (likely limited) dispersal and environmental filtering, whereas communities at downstream sites 
in the main stem are shaped more by associations among taxa. At the population level of individual taxa, the relative importance 
of spatial factors, environmental filtering, and potential associations to other taxa changed between seasons. Our study provides 
a realistic impression of the ecology of fluvial metacommunities under the fluctuating influences of spatial structure, environ-
mental conditions, and biotic interactions in a free-flowing river network.

1   |   Introduction

Life is ubiquitous on our planet, but not uniformly distributed. 
At large spatial scales, environmental heterogeneity and evolu-
tionary background shape regional species pools (Ricklefs 1987; 
Carstensen et al. 2013; Cornell and Harrison 2014), from which 
local communities assemble at patch-scale through environmen-
tal filtering in dependence of dispersal (Loreau et al. 2003; Gravel 
et  al.  2010; Cornell and Harrison  2014). Intermediate dispersal 
facilitates patch-scale filtering most efficiently (MacArthur and 
Wilson  1963; Vanschoenwinkel et  al.  2007; Heino et  al.  2015) 

allowing colonization of habitats by suitable species, resulting in a 
community matching the environment well and supporting high 
biodiversity and productivity (Venail et al. 2008; Yamaguchi 2022; 
Fuß et  al.  2024, 2025). In contrast, we observe a community-
environment mismatch in (i) isolated patches, where low disper-
sal (i.e., insurmountable space) causes suitable habitats to remain 
unoccupied, thus creating a colonization credit, and (ii) overly 
well-connected patches, where high dispersal (i.e., space is easily 
surmountable) allows strong mass effects and enables persistence 
under unsuitable conditions (Jacobson and Peres-Neto  2010; 
Talluto et al. 2017). Dispersal mechanisms are integrated in the 
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metacommunity concept which describes the dynamic turnover 
of multiple, connected local communities as a consequence of 
environmental conditions and the distance among patches that 
determine colonization/extinction dynamics (MacArthur and 
Wilson 1963; Leibold et al. 2004; Brown et al. 2011). At the level of 
individual species, biotic interactions (positive and negative) must 
be understood as integral niche components and thus influence 
the composition of local communities as well (Wisz et  al.  2013; 
Singer et al. 2013; Godsoe et al. 2017; Stephan et al. 2021).

In this context, rivers and streams present a special case by con-
straining metacommunity processes through their hierarchical 
and dendritic spatial structure. Rivers drain geologically complex 
landscapes and thus create unique network topologies as distinct 
landforms (Brown and Swan 2010; Altermatt 2013). Larger river 
sections with distinct environmental properties form sequentially 
along the river network depending on the geological background, 
slope, and discharge (Hauer et al. 2021). The spatial topology of 
the river network shapes the dynamics of discharge (Widder et al.), 
which drive disturbance regimes that shape local habitat patches 
(Hauer et al. 2012), and control primary dispersal routes for lotic 
biota (Tonkin et  al.  2018; Talluto et  al.  2024). In consequence, 
spatial properties of river networks can be expected to manifest 
in specific metacommunity structures—where the importance of 
space, environment, and biotic interactions varies along/across the 
river network (Talluto et al. 2024; Fuß et al. 2025), thus bringing 
about the disproportionately high biodiversity of lotic freshwaters 
(Tickner et al. 2020; Albert et al. 2021).

Notably, the delicate riverine metacommunity structure can easily 
be disrupted: locally through habitat modification (e.g., by bank 
or sole fortification) and regionally through modification of water 
flow, for example, by damming or water abstraction affecting con-
nectivity (Vörösmarty et al. 2010). In the global biodiversity crisis, 
understanding the drivers of riverine metacommunity structure is 
key to designing effective conservation, protection and restoration 
strategies (Cid et al. 2022; Stoffers et al. 2024; Keck et al. 2025).

Controls of metacommunity processes are typically analyzed by 
assessing the importance of sets of variables that describe effects 
of space, environment and associations among taxa on β-diversity 
patterns using ordination-based analysis (Warton et  al.  2015). 
Statistical inference of metacommunity processes is not trivial 
and usually yields high residual variation that cannot be linked to 
effects of neither space nor environment nor associations among 
taxa. Recently, joint species distribution models (jSDMs) were de-
veloped to include latent variables to model residual covariance as 
a proxy for associations among taxa (Leibold et al. 2022).

Assessing spatial, environmental and biotic variables of riv-
erine metacommunities at a relevant resolution is especially 
challenging: While automated collection of environmental pa-
rameters and better approaches to describe the spatial struc-
ture of a river are now available, assessing biodiversity at the 
relevant scale of the entire river network remains a challenge. 
This is because of difficulties associated with representative 
sampling of the riverine biota but also because critical taxo-
nomic knowledge and resources needed for identification are 
often not available (Heino  2014). Here, DNA metabarcoding 
offers an alternative promising means to assess biodiversity 
(Brasseur et al. 2023).

In light of these methodological developments and the critical need 
for a better understanding of factors that underlie the assembly of 
riverine metacommunities, we use the Vjosa River as a model eco-
system that spotlights urgent conservation needs and the oppor-
tunity to analyze natural metacommunity processes. The Vjosa 
River is the last river network in Europe retaining a near-natural 
character; it is a refuge of European significance for almost extinct 
riverine fauna and flora (Schiemer et al. 2020). Rare fauna such 
as Prosopistoma pennigerum (Martini et al. 2023; Schwingshackl 
et al. 2024) or Thremma anomalum (Waringer et al. 2020) and re-
cently discovered endemic species (Isoperla vjosae, Graf et al. 2018) 
highlight the significance of the Vjosa River as a conservation tar-
get and a restoration model (Schiemer et al. 2020). Investigating 
the metacommunity structure of benthic invertebrate fauna is par-
ticularly relevant, as this group is extraordinarily diverse, highly 
sensitive and a legally recognized biological quality element for 
assessing a river's ecological integrity (Birk et  al.  2012; Bonada 
et al. 2006; Hering et al. 2010). Developing a better understanding 
of the drivers of benthic invertebrate metacommunity structure in 
a near-natural model system like the Vjosa River may help design 
biodiversity targets for European rivers at large scales (Schiemer 
et al. 2020; Stoffers et al. 2024). An important question in this con-
text is how much can be learned about the riverine metacommu-
nity structure from different types of biodiversity data—standard 
taxonomic or DNA metabarcoding approaches—and whether 
any uncovered patterns are seasonally comparable. In particu-
lar, the importance of individual determinants of ecological pro-
cesses might change with seasonally structured connectivity, 
environmental controls (Poff et al. 1997; Datry et al. 2014; Tonkin 
et  al.  2018) or ontogenetic development of benthic invertebrates 
(Ward 1985; Durance and Ormerod 2007; Nakazawa 2015).

Here, we explicitly address this issue by inferring the relative im-
portance of metacommunity processes in structuring benthic in-
vertebrate fauna over the spatial and environmental extent of the 
Vjosa River network at two different timepoints based on standard, 
morphology-based and DNA metabarcoding-derived biodiversity 
data. Our hypotheses acknowledge the hierarchical structure of 
the Vjosa stream network and posit (i) highly divergent headwa-
ter tributary community composition as determined by space and 
environment because of their isolation at the extremity of envi-
ronmental gradients in diverse geological settings; (ii) mid-stream 
reaches and larger mainstem tributaries' community composition 
is regulated by intermediate isolation and high environmental 
heterogeneity as well as associations of taxa; and (iii) mainstem 
community composition under the rule of space and associations 
among taxa in the environmentally homogeneous and maximally 
connected downstream reaches of the Vjosa River.

2   |   Methods

2.1   |   Sampling Sites

The Vjosa River network integrates streams and rivers in a 
catchment of over 6700 km2 from the Pindos Mountains to 
the Adriatic Sea. We sampled 45 sites across the network 
(Figure  1) concentrated around confluences where two sites 
were sampled in each tributary and one in the resulting 
stream, in April–May and October 2018. We excluded 9 sites 
due to being dry in autumn (n = 2), missing molecular data 
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(n = 3), or missing environmental data for one season (n = 4). 
The final dataset comprised 36 sites for which all environmen-
tal parameters and biodiversity data were available for both 
seasons.

2.2   |   Environmental Parameters

We estimated discharge at each site by fitting a drainage area–
discharge model based on field measurements at selected loca-
tions (Burgers et al. 2014). Because it was not feasible to measure 
depth and flow velocity at every transect, we projected these 
variables across the network using the fitted model. Drainage 
area and a digital river network to use for spatial analysis 
were computed from the Copernicus (European Union's Earth 
Observation Program) digital elevation model (25 m resolution, 
EU-digital elevation model v1.1) using the ‘WatershedTool’ 
package (Talluto 2020) in R version 4.3.1 (R Core Team 2023).

At each sampling site, we recorded water temperature for 2 to 
28 days (mean = 8 days) with a MiniDOT logger (PME, Vista, 
USA), and filtered a water sample through a sterile 0.2 μm GHP 
filter and stored it at 4°C pending laboratory analysis. We quan-
tified SO4

2−, Cl−, and NO3
− by ion chromatography (Dionex 

ICS-200; Thermo Scientific Fisher, Waltham, Germany), and 
Ca2+, Mg2+, K+, and Na+ through optical emission spectrometry 

(ICP-OES, Thermo iCAP600, Thermo Scientific Fisher) fol-
lowing acidification with 32% HCL to pH < 0.2. We excluded 
ions (Al, B, Fe, Mn, P) with concentrations mostly below detec-
tion limit throughout the whole dataset from further analysis. 
Finally, we reduced dimensionality of z-scaled water chemistry 
variables to the first two axes of a principal component analysis 
(PCA) based on data pooled across both seasons.

2.3   |   Representation of Space

We used asymmetric eigenvector maps (AEM) computed with 
the ‘AEM’ R-package (Blanchet et al. 2007) to represent spatial 
relationships among sites. AEMs summarize directional flu-
vial processes and formalize potential spatial autocorrelation 
among sites; they can be used as predictors for species distri-
butions. AEMs were first proposed by Blanchet et  al.  (2008, 
2011) and were successfully implemented in large scale stud-
ies to describe spatial patterns (Pollice et  al.  2020; Brasseur 
et  al.  2023; Fuß et  al.  2024; Thuile Bistarelli et  al.  2024). 
Briefly, a side-by-edges matrix, which expresses the asymmet-
ric directional connection among sites given by flowing water, 
is decomposed into a series of latent spatial eigenvectors. Here, 
we weighted AEMs by water travel time and obtained a set 
of 11 spatially autocorrelated variables (Dray et al. 2006, Fuß 
et al. 2024 for details). We use these AEMs as spatial variables 

FIGURE 1    |    Spring and autumn 2018 sampling sites (36) along the Vjosa-Aoos River (light and dark blue) and its major tributaries (various colors). 
Landscape pictures show four exemplary sections illustrating the environmental gradient along/across the river network.
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(SV) that represent detectable spatial patterns, which can be 
interpreted as the result of a spatial process such as dispersal 
through downstream flow or isolation-driven differentiation 
among tributaries.

2.4   |   Community Data

We sampled the local benthic invertebrate community with 
two independent multi-habitat samples to be used in two 
assessment methods. For each, we distributed 20 individual 
samples to available microhabitats based on estimated areal 
proportions and sampled these with a quadratic (25 × 25 cm) 
net with a 500 μm mesh (Hering et  al.  2003). We conserved 
one pooled sample in about 1 L 96% denatured ethanol for me-
tabarcoding (“metabarcoding data”) while we fixed the second 
with formaldehyde (final concentration ~3%) for the standard 
benthic invertebrate assessment (“standard biotic data”). In 
the lab, we rinsed the formaldehyde-fixed multi-habitat sam-
ples, subsampled to a sixth of the total sample and sorted the 
benthic invertebrate specimens. If possible, we identified ben-
thic invertebrates to the species or genus level, otherwise we 
stopped at family level (e.g., Chironomidae), and standardized 
data to densities (ind. m−2).

From the ethanol-conserved samples, we excluded large par-
ticles (> 50 μm), filtered the remaining preservative ethanol 
(900–950 mL) through sterile 0.45 μm nitrocellulose filters 
(Nalgene Analytical Test Filter funnel CN, ThermoScientific) 
and extracted DNA from the filters for DNA metabarcoding 
following Zizka et al. (2019). For the spring samples, two fil-
ters were used for filtering and pooled for extraction because 
the higher fine particle load impeded the filtering process; 
this was not necessary for the autumn samples. DNA ex-
traction followed a modified salt-precipitation protocol after 
proteinase digestion (Sunnucks and Hales  1996; Weiss and 
Leese 2016). We targeted a 421 bp fragment of the mitochon-
drial cytochrome oxidase I (COI, barcode region) unit using 
the BF2/BR2 (Elbrecht and Leese  2017) primers. For a de-
tailed description of our metabarcoding assessment, including 
bioinformatic analysis, taxonomic annotation and plausibil-
ity check, see Brasseur et  al.  (2023). Briefly, metabarcoding 
data were first checked with FastQC v.0.11.8 (Andrews 2010) 
and then processed with the JAMP v0.67 (https://​github.​com/​
Vasco​Elbre​cht/​JAMP) workflow in R (R core Team 2023). 
DNA metabarcoding reads with 97% sequence similarity 
were clustered into Molecular Operational Taxonomic Units 
(MOTUs). For the taxonomic assignment, we used BOLDigger 
v1.2.2 (Buchner and Leese  2020) implementing searches 
across the Barcode of Life Data system (BOLD, 18.11.2019) 
(Ratnasingham and Hebert 2007). Since sampling in the Vjosa 
River network generates data of a taxonomically underex-
plored fauna, DNA reference libraries are limited. Therefore, 
manual curation of the molecular data set was necessary, that 
is, removal of implausible taxa (e.g., taxa known only from 
other regions, other continents, or not considered as aquatic 
invertebrate) or correction to a higher taxonomic level (e.g., 
species to genus level, yet with a generic species identifier if 
several species-level reference sequences at comparable levels 
of sequence similarity were among the 20 best matches of a 
query sequence). For a species-level assignment, at least 20 

query hits > 90% similarity to reference sequences of the same 
species or a best match with ≥ 98% similarity were required 
(see Brasseur et al. 2023 for details).

2.5   |   Classical Ordination-Based Metacommunity 
Process Inference

We mapped alpha diversity (taxa richness) at each site for each 
season and assessment method. Also, we computed the unique-
ness of community as the percentage of taxa occurring at a single 
sampling site. To visualize unconstrained community turn-
over, we used Bray-Curtis- and Sørensen-based 2D-NMDS for 
the standard and metabarcoding assessment, respectively, and 
mapped community turnover as color gradients on maps of the 
Vjosa River network. To disentangle the effects of environment 
and spatial structure, we used canonical correspondence analy-
sis (CCA). We reduced multicollinearity of spatial variables (SV) 
with the ‘rdacca.hp’ R package (Lai et al. 2022) and retained SVs 
that explained more than 5% of variance in at least two models 
(SV: 1, 2, 7, 9, 11). Here, we estimated the importance of single 
SVs (as adj. r2) through a hierarchical partitioning across all pos-
sible CCA model combinations (211) for each season and assess-
ment method separately (Table S1). Moreover, we used the four 
environmental variables (PC 1, PC 2, discharge, water tempera-
ture) for the CCA models and partitioned community turnover 
between environmental and spatial variables. To ensure com-
parability of CCA models among seasons and assessment meth-
ods, we did not select environmental predictor variables in any 
of the models. To compare ordination results between assess-
ment methods, we used Procrustes analysis on CCA site scores 
(999 permutations) and mapped procrustes residuals as color 
gradients to visualize differences between assessment methods. 
Unconstrained and constrained ordinations were computed 
based on Hellinger transformed community data and scaled en-
vironmental data using the functions ‘metaMDS’, ‘cca’ and ‘pro-
crustes’ from the vegan R package (Oksanen et al. 2020).

2.6   |   Association-Aware Metacommunity Process 
Inference

Recent studies proposed joint species distribution modeling 
(JSDM) to account for species interactions and thus improve 
description of metacommunity processes (Warton et al. 2015). 
In essence, these models aim to explain occupancy patterns of 
taxa with various predictors (e.g., environmental and spatial 
variables) and account for among-taxa correlations in the re-
siduals with a residual covariance term that is understood as 
expressing biotic interactions (or more generally any ‘species 
association’). Notably, it is not possible to separate the residual 
covariance among species from shared effects of unmeasured 
spatial or environmental variables. In general, modeling out-
comes with high importance of the environment are presumed 
to indicate environmental filtering, while high importance of 
space indicates dispersal effects (mass effects, dispersal lim-
itation) as the main determinant of metacommunity struc-
ture. A high residual covariance indicates higher importance 
of species interactions and/or of any shared process that can-
not be explicitly linked to the environmental and spatial vari-
ables already included in the model. JSDMs allow analysis of 
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the “internal structure of a metacommunity”, that is, a dissec-
tion of the different contributions of taxa or sites to the global 
metacommunity structure (Leibold et al. 2022). More specifi-
cally, community turnover is partitioned into environmental 
(E), spatial (S) and residual covariance (termed association A) 
components, each indicating possible processes driving (i) the 
species turnover for each site and (ii) the distribution of each 
taxon. In detail, we implemented a scaled JSDM-approach by 
fitting four distinct JSDMs using the ‘sjSDM’ R package v.1.0.6 
(Pichler and Hartig  2021) to our dataset: models describing 
the two standard biotic datasets were fitted to abundance 
data under a negative binomial distribution and using a probit 
link while those for the metabarcoding datasets were fitted 
to presence-absence data using a binomial likelihood and a 
multivariate probit link. In each JSDM, we implemented the 
same set of environmental and spatial variables as used in the 
ordinations as linear terms, where the spatial part was based 
on the intercept of the environmental one. We included a regu-
larization with a penalty term λ = 0.01 (penalizing overly com-
plex curves) for biotic interactions and set the weights for lasso 
or ridge weighting to α = 0.5 (0 = pure lasso; 1 = pure ridge) for 
all regression slopes to avoid overfitting or a non-fitting model. 
The models were run for 150 iterations. Model components en-
vironment (E), space (S) and residual covariance among taxa 
(A) were computed as (absolute) r2 fractions at global scale, 
at local scale (i.e., specific for each site and season), and for 
individual taxa. The site-specific (and the taxon-specific) E, S, 
A fractions of r2 add up to the global McFadden r2. To ease in-
terpretation of results, we distributed shared fractions (E + S, 
E + A, S + A, E + S + A) evenly among involved model compo-
nents, and computed proportional E, S and A fractions sum-
ming to 1 for graphing as pies and in ternary plots.

To closer investigate taxon-specific r2 fractions with a focus on 
seasonal changes, we selected 57 taxa from the metabarcoding 
assessment, which were assigned to species-level, occurring 
in spring and autumn with r2 > 0. We limited this analysis to 
metabarcoding data, reasoning that the comparison between 
standard and metabarcoding assessments may be limited by 
the fact that there is no conclusive evidence that taxa with 
identical names correspond to the same evolutionary entity: 
for example, while an unknown species of the genus Isoperla 
may be recognized as distinct from Isoperla vjosae in the me-
tabarcoding dataset, the specimens identified as Isoperla in 
the standard biotic dataset may belong to any of these two 
taxa or even others. For the selected taxa, we performed two 
hierarchical cluster analyses (one for each season) based on 
Canberra dissimilarities among taxa computed from their sea-
sonal E, S and A fractions of r2 and using the Ward. D2 algo-
rithm for aggregation.

3   |   Results

3.1   |   Environment

Environmental gradients across the Vjosa River network were 
similar in spring and autumn (Figure 2). Water chemical gra-
dients represented by PC 1 and PC 2 (Figure S1) can be asso-
ciated with bedrock and sediments in a geologically diverse 
basin. PC 1, negatively associated with SO4

2−, Cl−, NO3
−, and 

Ca2+ concentrations, decreases from the mountainous region 
in the Aoos, Sarantaporos, and Luftinja towards downstream 
(Tables  S2 and S3). In contrast, PC 2, negatively associated 
with Mg2+, K+, and Na+ concentrations, is highest in the cal-
careous tributaries Voidomatis, Drinos, and Shushica and low 
in the Luftinja and Langarica (Tables S2 and S3). Except for a 
higher variation of PC1 for autumn, water chemical gradients 
were similar between seasons (PC 1 Pearson's R = 0.91, p < 0.001; 
PC 2 R = 0.94, p < 0.001). Water temperature increased from the 
mountain regions to the lowlands, where highest values are 
found in the smaller tributaries Luftinja and Shushica. Water 
temperature was generally higher in autumn, but gradients 
strongly agreed between seasons (R = 0.9, p < 0.001). Discharge 
increased with stream order to a maximum of about 75 m3 s−1 
and 31 m3 s−1 at the most downstream sampling site in spring 
and autumn (R = 0.99, p < 0.001), respectively.

3.2   |   Space

To account for the asymmetric spatial structure of the Vjosa 
River network we implemented the most important (hierarchi-
cal partitioning, Table S1) spatial variables (SV 1, 2, 7, 9, 11) de-
rived from AEM in both the classical ordination data analysis 
and the JSDM analysis. Here, SV 1 represents a large-scale up- to 
downstream gradient, SV 2 captures the differentiation of mid-
stream Vjosa locations (Figure 3: SV 2 blue points) vs. the tribu-
tary Drinos (SV 2 red points), SV 7 clearly separates Voidomatis 
(SV 7 red point) and the lower Aoos section (SV 7 blue points), 
SV 9 mainly separates the lower Sarantaporos (SV 9 red point) 
from the Aoos, and SV 11 captures spatial variation in the upper 
Sarantaporos (Figure 3).

3.3   |   Unconstrained Analysis of Community 
Turnover

Across the 36 sites in spring, we recorded 376 and 181 taxa in 
metabarcoding and standard biotic data, respectively, while in 
autumn we recorded 276 and 136 taxa, respectively. At indi-
vidual sites in spring, metabarcoding and standard biotic data 
comprise on average 61 ± 19 (mean ± SD) and 36 ± 13 taxa, re-
spectively. In autumn, richness was lower with an observed 
site-wise average of 52 ± 20 taxa in the metabarcoding data 
and 25 ± 11 taxa in the standard biotic data. Generally, higher 
taxon richness was observed in most low order streams. A site 
with particularly high richness observed with both datasets 
and in both seasons was the lower Aoos section after the con-
fluence with the Voidomatis. Metabarcoding and standard 
data differed strongly in some mainstem sites in autumn (with 
metabarcoding data indicating greater richness) and in the 
Luftinja and Dishnica tributaries in spring, again with a much 
greater richness in metabarcoding data while the standard bi-
otic data suggest a particularly poor community. Spatial com-
munity turnover, that is, beta diversity, was assessed through 
unique taxa and dissimilarity analysis: with the standard and 
the metabarcoding assessment we detected 25 and 52 unique 
taxa in spring and 2 and 55 unique taxa in autumn, respec-
tively. Plotting site scores of the first and second axis of a 
dissimilarity-based 2-dimensional NMDS at their geographi-
cal sites, we observed a high turnover from the headwaters (of 
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FIGURE 2    |     Legend on next page.
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7 of 19Ecology and Evolution, 2026

the Sarantaporos, Aoos and Voidomatis) towards the down-
stream section of the main stem in both seasons and with both 
assessment methods. In addition, in spring, we observed no-
table turnover from the southern tributaries towards the main 
stem and the northern tributaries (Figure 4).

3.4   |   Spatially and Environmentally Constrained 
Community Turnover

For the metabarcoding data, community turnover across the 
river network was associated with the same water chemistry 
variables (PC1 and PC2), water temperature, discharge, and the 
spatial variable SV1 in both seasons. These variables slightly 
changed their contributions to CCA axes between seasons, 
while other (mostly spatial) variables remained less important. 

Despite changes in loading between seasons, the differences in 
water chemistry, water temperature, discharge, and relative po-
sition in the stream network as captured by SV1 clearly separated 
headwater and main channel communities in the ordination.

Applying CCA to the standard biotic data identified other vari-
ables as important for explaining community variation in the 
two seasons (Figure 5): in spring, we found PC1 and PC2, water 
temperature, discharge, and the spatial variable SV1 to be im-
portant, yet also other spatial variables were contributing to 
the definition of the ordination space. The importance of spa-
tial variables was even more pronounced in the ordination of 
the autumn standard biotic data. Also, in this dataset, main 
channel sites appeared to be more similar to each other and 
were more homogeneous in their environmental conditions, 
while variation of communities as well as of environmental and 

FIGURE 2    |    Environmental variables in spring (upper half circle) and autumn (lower half circle) 2018 in the Vjosa River network. Upper panels 
show water chemistry gradients summarized by the first (PC 1) and second (PC 2) axis of PCA, respectively. The lower panel shows water tempera-
ture in the network. Gradients go from blue (low) to red (high) and are defined for each variable and season separately.

FIGURE 3    |    Selected spatial variables (SV) associated with large-scale (SV 1, 2) and small-scale (SV 7, 9, 11) turnover of the benthic community in 
the Vjosa River network. SVs are based on Asymmetric Eigenvector maps. Gradients go from blue (low) to red (high) and are redefined for each SV.
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8 of 19 Ecology and Evolution, 2026

spatial variables was greater in the tributaries and headwaters 
(Figure 5, Figure S1).

Summarized for both assessment methods, variation partition-
ing based on the CCAs indicated that environmental variables 
explained 5%–9% and spatial variables 1%–11% of the commu-
nity turnover. A relatively large fraction of 3%–9% was explained 
by combined environmental and spatial variables, indicating a 
spatial structure in environmental variables. However, CCA re-
sulted in large residual variation, as 78%–88% of the community 
turnover could not be explained by predictor variables. Overall, 
space appears to be marginally more important in explain-
ing community turnover in autumn while the environment is 
slightly more important in spring (Table 1).

To focus on commonalities and simultaneously compare results 
between assessment methods, we rotated CCA spaces inferred 
from standard biotic data to match those inferred from me-
tabarcoding data by Procrustes analysis. We observed signifi-
cant (p = 0.001) correlations for both seasons; largely concordant 
patterns across the river network between assessment methods 

were also visible by quite similar spatial configurations in ordi-
nation space (Figure S2), especially in spring data. The disagree-
ment between ordinations of the two assessment methods was 
generally higher for autumn data (higher residual range). The 
greatest divergence between assessment methods was observed 
in the headwater sites in spring (in the Luftinja, Sarantaporos 
and Aoos/Arkoudoremas in particular); this pattern persisted 
in autumn with additional divergence between standard and 
metabarcoding datasets in the centrally located tributary Bence 
(Figure 6).

3.5   |   Association-Aware Metacommunity Patterns

The JSDM models indicated a high variability in the effects of 
environmental and spatial variables and in the residual cova-
riance among taxa, between seasons and between assessment 
methods. For metabarcoding data, we calculated a global 
McFadden r2 of 0.61 for spring and 0.54 for autumn. In compar-
ison, for the standard biotic data we had a lower McFadden r2 
of 0.25 and 0.24 for spring and autumn, respectively. In spring, 

FIGURE 4    |    Gradients of alpha and beta-diversity in the Vjosa River network. Uppermost panels show taxa richness in spring (left) and autumn 
(right). Middle and lower panels show the site scores on the first and second dimensions of NMDS ordinations, respectively. Sampling sites are shown 
as 2 half circles: the left half circle indicates assessments based on standard biotic data while the right half circle shows the metabarcoding data. 
Gradients go from blue (low) to red (high), their ranges are defined for each assessment and season separately.
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9 of 19Ecology and Evolution, 2026

most of the community turnover in metabarcoding data was ex-
plained by residual covariance of taxa (A = 0.28), followed by en-
vironment (E = 0.21) and space (S = 0.12). Community turnover 
in metabarcoding data in autumn was again largely explained 
by the residual covariance among taxa (A = 0.29), and in similar 
amounts by environment (E = 0.12) and space (S = 0.12).

The higher share of variance explained by residual covariance of 
taxa at downstream located sites is contrasted by environment 
and space describing more variance in the headwaters in both 
seasons. JSDM results based on standard biotic data from spring 
indicated a higher residual covariance of taxa (A = 0.09) in the 

mainstem, with environment (E = 0.08) and space (S = 0.08) 
explaining more variance in the headwaters. In autumn stan-
dard biotic data, we observed a higher effect of environment 
(E = 0.15) also along the mainstem, space (S = 0.02) explaining 
variation in the headwaters as well as some main stem sections, 
and an overall lower importance of residual covariance of taxa 
(A = 0.07) (Figure 7; for a definition of headwaters vs. mainstem 
sites, see Figure 1).

Closer inspection of variance partitioning results at the scale of 
local sites revealed seasonal patterns: From spring to autumn, 
we observed a general increase of the relative importance (as 

FIGURE 5    |    Environmentally and spatially constrained community structure in the Vjosa River network assessed with a standard (left) and a 
metabarcoding (right) assessment in two seasons in 2018. In spring after high flow (blue, upper) and in autumn after summer low flow (red, lower). 
Black arrows indicate the loadings of environmental and spatial predictors.

TABLE 1    |    Results from CCA permutation tests for each season and assessment method describing effects of environmental and spatial constraints 
on the community data.

Assessment Season Chi2, Df = 9 F p Res. chi2, Df = 26 E (%) S (%) E & S (%) Res.

Metabarcoding Spring 1.7 1.6 *** 3.2 9 1 3 87

Metabarcoding Autumn 1.4 1.5 *** 2.7 5 3 4 88

Standard Spring 1.5 2 *** 2.2 5 6 9 79

Standard Autumn 1.9 2 n.s. 2.6 6 11 5 78

Note: We used variation partitioning to compute the (global) fractions explained by environment alone (E), by space alone (S), and by space & environment combined 
(E & S). *** indicate significant effects.
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10 of 19 Ecology and Evolution, 2026

proportional r2 fraction) of the residual covariance among taxa 
and, to a lesser degree, of the environment but a decrease in the 
importance of space. This seasonal shift was more obvious in 
metabarcoding data (Figure 8).

We also found that taxa differed strongly in their responses to 
environment, to space and in their residual covariance with 
other taxa (Figure  8 lower panels). While some taxa were 
strongly controlled by local environmental conditions, others 
appeared to be mostly controlled by spatial variables or mostly 
driven by residual covariance with others (especially with the 
metabarcoding assessment). Generally, the benthic invertebrate 
community appears to be controlled by a complex interplay of 
environment, space and residual covariance among taxa in both 
seasons and in both biotic datasets. Also, for the standard biotic 
data, the model suggests for many taxa that the high importance 
of environment and space in spring shifts to high importance 
of residual covariance among taxa in autumn. This, however, 
is not as clear with data from the metabarcoding assessment 
(Figure 9).

Investigating r2 fractions for selected taxa revealed that the rel-
ative importance of spatial or environmental variables or the re-
sidual covariance among taxa can change between seasons. The 
cluster analyses resulted in 3 distinct clusters for spring and au-
tumn, respectively, which were easily characterized by the dom-
inant r2 fraction: Cluster 1, 2 and 3 contain species with high 
r2 fractions attributed to residual covariance among taxa, envi-
ronmental or spatial variables, respectively. Closer inspection 
allowed finer discrimination of further clustering; notably a few 
species apparently experienced no spatial controls. Moreover, 
some species were recovered in the same cluster in spring and 
autumn, while others changed from one cluster to another, that 
is, they showed a shift of controlling variables between sea-
sons (Figure 3). Differences between taxa from the same genus 
(e.g., Hydropsyche sp., Leuctra sp., Perla sp., Rhithrogena sp., 

Simulium sp.) underline the importance of working at species-
level (Figure 10).

4   |   Discussion

We found clear community turnover patterns from headwa-
ters and tributaries towards the mainstem of the Vjosa River 
network, prominently driven by spatial constraints, envi-
ronmental heterogeneity, and also associations among taxa. 
These patterns were not completely in line with our initial 
hypotheses about the shifting importance of environmental 
and spatial regulators along the river network. Moreover, our 
attempts to use classical ordination-based approaches to infer 
the relative importance of space, environment, and their com-
bination were largely inconclusive, with high model residuals. 
In addition, we observed substantial differences among the 
patterns inferred by jSDM based on standard and metabarcod-
ing community data.

We hypothesized that headwater tributaries should be struc-
tured mainly by spatial and environmental constraints, in line 
with earlier results and evolutionary theory (Heino et al. 2015; 
Altermatt 2013; Fuß et al. 2025). However, our results point 
to an at least similarly important influence of associations 
among taxa. Also, this pattern is stable across seasons and 
methods. Possibly, priority effects among distant headwater 
tributaries shape assembly processes more strongly than space 
or environment alone, but also associations based on trophic 
co-variation could be important—e.g., of benthic invertebrate 
shredders that rely on the greater supply of allochthonous or-
ganic matter in headwater tributaries (Zou and Rudolf 2023; 
Talluto et  al.  2024). While our hypothetical framework sug-
gested a higher-than-found relevance of associations among 
taxa in headwater tributaries, it accounted for association-
driven community assembly in mid-stream reaches and larger 

FIGURE 6    |    Procrustes comparison between CCAs inferred from metabarcoding data and from standard data in spring (upper half circle) and 
autumn (lower half circle) 2018 in the Vjosa River network. Color gradient indicates the min (blue) to max (red) range of the residuals, CCA ordina-
tions were significantly (p = 0.001) correlated between assessments in both seasons. Lower residuals indicate greater agreement between methods.
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11 of 19Ecology and Evolution, 2026

FIGURE 7    |     Legend on next page.
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12 of 19 Ecology and Evolution, 2026

FIGURE 7    |    Pie charts in the Vjosa River network show the proportional r2 fractions for environment (E, green), space (S, blue) and residual co-
variance among taxa (A, pink) that describe the community composition at each sampling site for the metabarcoding and the standard biotic data 
during spring and autumn 2018. The lower left corner shows the global r2 (McFadden) and proportional global r2 fractions. Side panels show how 
local r2 fractions change in relation to log catchment size.

FIGURE 8    |    Each point represents a sampling site in the Vjosa River network and is positioned in relation to proportional r2 fractions E, S and 
A, that is, how much the community composition is explained by environment (E, green), space (S, blue) and the residual covariance among taxa 
(A, pink). High values for E (lower left corner) are interpreted as environmental filtering, high values for S (lower right corner) indicate dispersal-
mediated mechanisms, high values for A indicate potential biotic interaction. Data originate from standard (left) and metabarcoding (right) as-
sessment in spring and autumn, respectively. Color used for sites indicate tributary identity while circle size indicates r2 for each site and taxon, 
respectively.
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13 of 19Ecology and Evolution, 2026

mainstem tributaries. Indeed, we found that environment and 
associations among taxa were the most prominent controls of 
assembly processes in upper mainstem sites and mainstem 
tributaries, with spatial constraints of lesser importance, 
while metabarcoding data paint a different image. Apparently, 
associations among taxa become more important than spa-
tial and environmental constraints, the larger the system 
becomes—and this also pertains to the mainstem sites, for 
which we predicted space and associations as key controls of 
assembly processes. Indeed, we found that the importance of 

space and environment decreased towards the mainstem and 
the downstream sites while associations among taxa appar-
ently explain the majority of variation among communities. 
This is somewhat counter-intuitive in light of previous results, 
that—as our hypotheses—suggest stronger spatial effects 
acting on communities of the environmentally homogeneous 
lower mainstem sites (Tonkin et al. 2018; Stephan et al. 2021; 
Fuß et al. 2025). Overall, our results are difficult to set into 
context based on literature, also because our study is one of 
the first to use jSDMs in context of metacommunity analysis.

FIGURE 9    |    Each point represents a taxon in the Vjosa River network, is positioned in relation to proportional r2 fractions, and indicates how 
much a taxon is explained by environment (E, green), space (S, blue) and the residual covariance among taxa (A, pink). Data originate from standard 
(left) and metabarcoding (right) assessments in spring and autumn, respectively. Circle size indicates r2 for each site and taxon, respectively.
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14 of 19 Ecology and Evolution, 2026

Associations among taxa, that is, the residual covariance among 
taxa which is assumed to represent “biotic interactions”, are dif-
ficult to explain. In heterogeneous and highly productive habi-
tats this measure may reflect the multitude of interactions in a 
food web (Ward et al. 2023; Scholl et al. 2023). Along this line of 
reasoning, the high degree of interactions would allow the con-
sumer community to adapt to regular disturbance (e.g., by high 
fine sediment loads and river channel translocation) and confer 
stability in a highly variable and dynamic ecosystem (McCann 
and Rooney 2009, Jacquet et al. 2016, 2022). Also, residual co-
variance might relate to patch-scale colonization success of an 
individual taxon depending on the prior community, possibly 
modulated by the environmental or spatial context (Zou and 
Rudolf  2023). The challenge here is that residual covariance 
among taxa may result from a range of mechanisms. Residual 
covariance or “biotic interactions” are potentially more sensibly 
interpreted as a latent variable that describes a shared effect of 
unmeasured habitat or community properties—also because a 
dataset on benthic invertebrate fauna alone cannot depict all rel-
evant associations within a natural community.

In addition to these methodological constraints, our seasonal 
comparisons imply that reality is highly complex. The varying 
importance of metacommunity processes between seasons sug-
gests that the mechanics of community assembly change regu-
larly. Seasonal shifts could be related to phenology, that is, shifts 
within the community related to life cycle and ontogenetic de-
velopment. This interpretation is probably best illustrated using 
an example: The mayfly Oligoneuriella rhenana has a synchro-
nized life cycle and is present throughout the catchment. In 
spring, this species is highly abundant as large-bodied nymphs, 

ready to hatch and procreate; in autumn, their efforts are re-
flected in a filial generation of very small early-stage larvae 
(Bauernfeind and Humpesch 2001). This life cycle translates to 
seasonal differences in susceptibility to and capacity to engage 
in metacommunity processes—effectively changing importance 
among environmental, spatial and association-based determi-
nants of metapopulation dynamics for this species.

Benthic invertebrate fauna comprises a great number of species 
that have similar—albeit differently timed—life cycles. Also, 
there is a range of traits related to body size of benthic inverte-
brates that change with larval development and thus influence 
their ecological niche, dispersal potential and the way they in-
teract with other biota. In a generalizable framework, spatial 
variability in oviposition sites and adult dispersal should result 
in patchy distribution of young instars (Dwyer et  al.  2024)—
these should additionally undergo much stronger selection, 
perhaps even across various obligatory microhabitats (Martini 
and Waringer 2021), and grow into a local interaction network 
at a specific location. Here, environmental factors and associa-
tions among taxa might become more important for older de-
velopmental stages whereas the distribution and abundance of 
younger instars could be more importantly regulated by spa-
tial factors. The above exemplified O. rhenana provides mixed 
evidence for this framework: while a higher importance of 
the residual covariance with other taxa in spring agrees with 
developed nymphs “settled” within spring communities, envi-
ronmental control increased in importance in autumn besides 
associations with other taxa, but spatial constraints were never 
found as important for this species. Other taxa may serve as 
better examples—Cheumatopsyche lepida, Baetis alpinus or B. 

FIGURE 10    |    Cluster analyses based on E, S and A r2 fractions of 57 selected taxa from the metabarcoding dataset resulted in three characteristic 
clusters for spring (left) and autumn (right); each cluster contained species dominated by environmental (E, green) or spatial (S, blue) variables or 
showing high residual covariance among taxa (A, pink). Pie charts show proportional r2 fractions attributable to E, S and A for a subset of repre-
sentative species (small pies) or on average for each cluster (large pies). The central flow chart (Sankey diagram) displays the seasonal shift of many 
species among clusters.
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15 of 19Ecology and Evolution, 2026

rhodani—as here the importance of spatial constraints increases 
in autumn, even if the Baetis species potentially are polyvoltine 
(Humpesch  1979; Erba et  al.  2003; Sand and Brittain  2009). 
Anyhow, the generalized framework we propose acknowledges 
that ontogenesis and life cycle dynamics must be expected to in-
fluence how metacommunity processes determine local occur-
rence and abundance of a given taxon at a given time in a given 
community.

On top of phenological shifts, temporal variation in environmen-
tal conditions may enforce spatial constraints only in one sea-
son but environmental constraints in another. The Vjosa River 
shows strong seasonal hydrological fluctuations typical of alpine 
gravel-shifting rivers: high discharge in spring, low discharge in 
summer with relatively strong precipitation-induced variation, 
moderate discharge in autumn, and low discharge again in win-
ter. Potentially, this enforces spatial controls of metacommunity 
assembly in spring due to greater drift propensities (Kennedy 
et  al.  2014), but could also impose environmental constraints 
through riverbed disturbance and sediment transport (Brittain 
and Eikeland 1988). Vice versa, relatively stable low flow con-
ditions during summer or winter may allow for stronger local 
environmental sorting (Tonkin et al. 2018) and establishment of 
local associations among taxa.

There are, however, important limitations of our data and re-
sults. Foremost, the lacking congruence of results from standard 
and molecular data impedes generalization. While it is common 
to recover different taxa or numbers of taxa in metabarcoding 
data compared to standard approaches (Brasseur et  al.  2023), 
our results suggest that the two data types return deviating eco-
logical signals. Similar observations have been made in context 
with aquatic ecosystem assessment, but have so far been re-
garded a mostly technical challenge (Jones et al. 2025; Macher 
et al. 2025; Šamulková et al. 2025)—even if taxon-specific de-
tection probability varies among and within taxa as well as be-
tween metabarcoding and standard morphological approaches 
with ontogenetic stage and size (Emmons et  al.  2023; Gold 
et al. 2023). Yet, although the typically greater taxonomic res-
olution of metabarcoding is seen to outweigh the lack of abun-
dance data (Emilson et  al.  2017; Remmel et  al.  2024; Serrana 
et al. 2019), it is conceivable that this becomes a disadvantage 
when investigating controls of metacommunity assembly: for 
instance, it might become difficult to estimate the degree of 
association among taxa if only their presence is known but not 
their abundance which would reflect the local role of a taxon 
(Avolio et al. 2019). Moreover, taxonomic resolution is a critical 
factor in analyzing metacommunity processes. Ideally, ecologi-
cal analyses work at the level of species as the ecologically rel-
evant entities (Göthe et al. 2013; Heino 2014). However, as the 
number of taxa in a dataset increases, the probability of miss-
ing biotic or abiotic parameters that control local presence and 
abundance increases—thus, it is possible that the proportion of 
unaccounted-for co-variance (i.e., “associations”) among taxa 
increases in turn.

Setting our results in context with existing literature is addi-
tionally challenging, as our study is one of the first to report 
empirical outcomes of jSDM analyses on metacommunity pro-
cesses in streams. Beach meiofauna was previously found to 
show strong associations among locally co-occurring taxa that 

decreased with increasing environmental distinctness among 
locations (Pichler et al. 2025), but this seems a trite observation. 
Conversely, associations among taxa were found to be a source of 
annual variation in site occupancy in freshwater snails (Dubart 
et al. 2022). Seasonal differences in controls of metacommunity 
assembly, however, are rarely considered.

5   |   Conclusion

Overall, our results suggest an inherent instability of meta-
community processes and showcase the difficulties associated 
with their assessment. Obviously, different types of data on 
the same communities will produce substantially differing 
and sometimes contrasting outcomes. The comparative anal-
ysis of the “internal structure” of the Vjosa River's benthic 
invertebrate community across two seasons in fact invites 
to understand dispersal and environmental filtering as what 
they really are: processes rather than fixed results as sug-
gested by the majority of studies relying on a global variation 
partitioning of data from a single campaign only. Snapshot 
studies inevitably lead to the presumption of consistent driv-
ers and stable equilibrium states, and so fail to capture how 
community assembly, metacommunity processes and natural 
seasonal dynamics of biota and habitat interact across vari-
ous time scales. Our first assessment of seasonality in meta-
community processes in the largely free-flowing Vjosa River 
draws the picture of a naturally pulsing fluvial metacommu-
nity in a hydrologically dynamic riverscape.

However, our results also suggest that river fragmentation (e.g., 
dams or excessive water abstraction) may have dramatic con-
sequences at larger spatial scales by curbing metacommunity 
processes. Any barrier to the four riverine dimensions simul-
taneously trammels environmental filtering, dispersal, and 
species interactions. While effects of fragmentation on the dy-
namics of metacommunity processes should be future research 
subjects, our metacommunity-aware biodiversity assessment of 
the Vjosa River already offers an opportunity to set reference 
points for river conservation and targets for renaturation efforts. 
Disclosing such reference points will be crucial to halt the fresh-
water biodiversity decline. It is evident that primary conserva-
tion targets must include an immediately effective moratorium 
on modification of near-natural riverscapes—of the Vjosa River 
and beyond—as well as a reinstatement of natural riverine pro-
cesses and connectivity at scales as large as possible in already 
impacted river networks.
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